Apoptosis, a type of programmed cell death, plays an essential role in the survival of multicellular organisms and is observed in a wide variety of physiological situations.
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The Fas family cytokine and tumor necrosis factor (TNF) cascades can mediate apoptosis, 4, 5) but recently, many additional apoptotic components have been identified. Using a functional cloning strategy, Deiss et al. identified the deathassociated protein kinase (DAPK) as a positive mediator of apoptosis triggered by interferon-g. 6) The kinase activity of DAPK, which shares homology with myosin light chain kinases, is regulated by calmodulin in a Ca 2+ -dependent manner in vitro. 7) Overexpression of DAPK in various cell lines results in cell death, and this death-promoting property strictly depends on the intrinsic kinase activity. Additional isoforms of the DAPK family, including DRP-1, ZIP kinase, DAP kinase-related apoptosis-inducing kinase 1 (DRAK1), and DRAK2 have been identified. These proteins share homology in their primary structures, especially in the catalytic domain. [8] [9] [10] [11] All of these kinases have an apoptosis-promoting activity that is dependent on the kinase activity.
We have studied the function of the small Ca 2ϩ -binding protein CHP1 (calcineurin B homologous protein1). 12) CHP1 is a multifunctional regulator of various proteins, including Na ϩ /H ϩ antiporters, a kinesin-like motor protein, and calcineurin. [13] [14] [15] We identified DRAK2 as a CHP1 binding protein, and found that CHP1 inhibits the kinase activity of DRAK2 in a Ca 2ϩ -dependent manner. 16) DRAK2 is found in thymus, testis, spleen, and brain, tissues in which apoptosis plays an important role. 12) Overexpression of DRAK2 in NIH3T3 cells causes apoptosis like cell death through a mechanism that requires the kinase activity. 10) However, overexpression studies do not necessarily indicate whether DRAK2 causes apoptosis during normal physiological processes.
Several components of apoptotic signal transduction pathways, such as DNases, Bcl family members, and caspases, are localized to specific areas of the cell. 17) During UV-induced apoptosis, damaged double stranded DNA signals translocation of the mitochondrial components AIF and Endo-G to the nucleus. 18, 19) UV irradiation also activates cytoplasmic targets, such as the transcriptional factors AP-1 and NF-kB. 20, 21) NF-kB migrates to the nucleus and binds to specific response elements of various genes. Thus, the intracellular localization and translocation of molecules are important elements of apoptosis, and understanding these dynamics will elucidate the regulatory mechanisms of apoptosis.
The DAPK family members ZIP kinase and DAP kinase are localized in the nucleus and cytoplasm, respectively. 7, 22) ZIP kinase is located within promyelocytic leukemia oncogenic domains (PODs) and induces apoptosis in response to apoptotic stimuli such as As 2 O 3 or interferon-g. 23) Although we have previously shown that DRAK2 is localized in the nucleus in COS-7 cells 12) and causes apoptosis like cell death in NIH3T3 cells, the correlation between cell death and the intracellular localization of DRAK2 has not been systematically studied. In this study, we examined the correlation between the intracellular localization of DRAK2 and cell death to identify the putative signal transduction pathways involved in apoptotic cell death. We found that the translocation of DRAK is cell type dependent; in certain types of cells, DRAK is spontaneously accumulated in the nucleus, while in other types of cells, it is mainly detected in the cytoplasm. In the case of the former types of cells, ectopically overexpressed DRAK2 induces cell death. In latter types of cells, UV-irradiation causes nuclear translocation of endogenous DRAK2 followed by apoptotic cell death.
12)
Expression Plasmids The plasmid encoding Myctagged DRAK2 was described previously. 12) To express Myctagged DRAK2(1-293) fused to the SV40 NLS, oligonucleotides corresponding to the SV40 NLS sequence (PKKKRKV) with recognition sequences for BamHI at both 5Ј-and 3Ј-ends were synthesized. After BamH1 digestion, the fragment was inserted in-frame into the BamH1 site between the Myc-tag and DRAK2(1-293) in pEF-BOS-EX. Expression vectors encoding Myc-DRAK2 were digested with BamHI, and then the digested fragment was inserted into the pEGFP-C3 plasmid (Clontech, Palo Alto, CA, U.S.A.) to create the GFP-DRAK2 expression vector.
Immunofluorescence Microscopy Coverslips were coated with poly-L-lysine (Sigma #P-1399, Sigma-Aldrich, St. Louis, MO, U.S.A.). Cells seeded onto coated coverslips were fixed for 25 min with phosphate buffered saline (PBS) containing 2% formaldehyde, and the residual formaldehyde was then quenched using 0.1 M glycine in PBS. 24) After incubation in PBS containing 0.4% saponin, 1% bovine serum albumin, and 2% goat serum, the samples were incubated with the primary antibodies for 1 h, followed by incubation with secondary antibodies for 1 h. The samples were covered with 50% glycerol in PBS, placed on slides, and then observed using a BX-51 microscope equipped with a 40x UplanApo objective (Olympus, Melville, NY, U.S.A.). The fluorescence of the Alexa Fluor 488-and Alexa Fluor 546-conjugated secondary antibodies, Hoechst 33342, and GFP was observed with excitation filters of 470-490 nm, 520-550 nm, 330-385 nm, and 460-490 nm and emission filters of 515-555 nm, 580 nm, 420 nm, and 510 nm, respectively. Digital images were acquired with an ORCA-ER1394 digital camera and then processed with AQUA-COSMOS software (Hamamatsu Photonics, Hamamatsu, Japan).
Subcellular Fractionation and Immunoblotting ACL-15 and NRK cells cultured in 100-mm culture dishes were washed with 2 ml PBS, scraped in PBS, and collected by centrifugation (1000ϫg for 5 min). ACL-15 cells were washed in 1 ml of cell-lysis buffer (10 mM Tris-HCl [pH 7.5], 10 mM NaCl, and 1 mM phenylmethylsulfonyl fluoride). After centrifugation at 1000ϫg for 5 min, the cells in the pellet were resuspended in 200 ml of cell-lysis buffer and then homogenized by 30 passages through a 26-gauge needle. 25) NRK cells were washed in 1 ml of cell-lysis buffer and centrifuged (1000ϫg for 5 min), and the cell pellet was resuspended in 300 ml of cell lysis buffer. Homogenization was performed using a Dounce homogenizer. The cell lysate was centrifuged (1000ϫg for 5 min), and the pellet (nuclei) and supernatant (cytoplasm) were collected. To eliminate DNA aggregates, both the cytoplasmic and nuclear enriched fractions were sonicated. The fractionated proteins were solubilized in SDS-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer. The samples were separated by SDS-PAGE and transferred to PVDF membranes (Millipore, Billerica, MA, U.S.A.). The membranes were incubated with the indicated primary antibodies and then with secondary horseradish peroxidase-conjugated antibodies against rabbit or mouse IgG (Jackson ImmunoResearch Laboratories, West Grove, PA, or Vector Laboratories, Burlingame, CA, U.S.A.). The signals were detected with ECL-plus or ECL Western Blotting Detection Reagent and Hyperfilm-ECL (Amersham Biosciences, Piscataway, NJ, U.S.A.), as described previously. 24) UV Irradiation For microscopic observation, approximately 1ϫ10 5 cells were plated in 35-mm cell culture dishes 48 h before UV irradiation and maintained in a complete medium (RPMI-1640 medium containing 10% FBS). The medium was removed, and the cells were irradiated at 50 J/m 2 by a germicidal lamp with peak emission at 254 nm (CL-1000, UVP, Inc., Upland, CA, U.S.A.). Immediately after UV irradiation, the cells were maintained in the same medium at 37°C in 5% CO 2 for the indicated times.
Phase Contrast Microscopy Cells plated in 35-mm culture dishes were transfected with the indicated plasmid vectors. Forty-eight hours after transfection, the cells were labeled for 5 min at 37°C in 2 ml of RPMI-1640 medium containing 1 mM Hoechst 33342 and were observed using an IX-70 phase contrast microscope with a 40x LCPlanFl objective (Olympus, Melville, NY, U.S.A.). GFP and Hoechst fluorescence were observed with excitation filters of 460-490 nm and 330-385 nm and emission filters of 510 nm and 420 nm, respectively.
Preparation and Transfection of siRNAs For siRNA experiments, double-stranded RNA duplexes composed of 25-nucleotide sense and antisense oligoribonucleotides were synthesized by Invitrogen (Carlsbad, CA, U.S.A.). These siRNAs were chemically modified, and efficient knockdown of target mRNA was achieved. The RNA oligonucleotide used to target DRAK2 was 5Ј-AACAAAUCUGG AAC-GAGUUCGUGGG-3Ј. This sequence did not show signifi-cant homology to any other genes by BLAST search (NCBI). A control siRNA, which showed no homology to any genes, was purchased from Invitrogen. ACL-15 or NRK cells at 50% confluence in 12-well plates were transfected with 250 pmol of each of the above siRNAs using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, U.S.A.), according to the manufacturer's protocol. Transfected cells were incubated at 37°C for 24 h. The effect of the siRNA on the expression of DRAK2 was measured by Western blot analysis using an anti-DRAK2 antibody.
RESULTS

Intracellular Localization of DRAK2 in Various Cell
Lines We determined the subcellular localization of DRAK2 in several cell lines. As reported previously, 12) DRAK2 was localized in the nucleus of COS-7 cells. When Myc-tagged DRAK2 was transiently expressed in NRK (rat), NIH3T3 (mouse), and Caco-2 (human) cells, DRAK2 was also found primarily in the nucleus (Fig. 1A) . In NRK cells, the distribution of endogenous DRAK2 and that of transiently expressed Myc-tagged DRAK2 were not distinguishable (Fig. 1C) . In contrast to these results, Myc-tagged DRAK2 was observed primarily in the cytoplasm in ACL-15 (rat), HeLa (human), and WI-38 (human) cells (Figs. 1B, C). In ACL-15 cells, endogenous DRAK2 was also localized to the cytoplasm. To confirm the distribution of endogenous DRAK2, we fractionated ACL-15 and NRK cells into nuclei and cytoplasm (Fig. 1D ). Since our antibody against DRAK2 reacts only with rat DRAK2, endogenous DRAK2 of human and mouse cells could not be observed. Consistent with the immunostaining results, DRAK2 in ACL-15 cells was predominantly detected in cytoplasm, whereas it was detected in nuclei in NRK cells. The total amount of DRAK2 in ACL-15 was lower than that in NRK. Preliminary observations of rat tissues showed that endogenous DRAK2 is found in the nuclei of thymus cells and in the cytoplasm of cerebellar Purkinje cells (Kanazawa et al., unpublished observations), supporting the previous observations that the location of DRAK2 differs by cell type.
The Carboxy-Terminal Domain and the Kinase Activity of DRAK2 Are Required for Nuclear Accumulation A mutant DRAK2, DRAK2 , that still possesses the kinase domain and kinase activity but contains a truncation in the C-terminus, is unable to induce apoptosis in NIH3T3 cells. 10) This result was unexpected because the kinase activity required for the induction of apoptosis was still present in the mutant protein. We therefore examined the subcellular localization of DRAK2(1-293). We found that Myc-DRAK2(1-293) was distributed in the cytoplasm of NRK and NIH3T3 cells (Figs. 2A, D) , indicating that the C-terminal domain plays a role in the nuclear translocation of tested whether the kinase activity of DRAK2 is required for its nuclear translocation. In contrast to wild type DRAK2, the Myc-tagged kinase-inactive DRAK2(K62A) was scattered throughout the cell and did not accumulate in the nucleus (Fig. 2C) . This result suggested that the kinase activity in addition of the C-terminal domain is required for nuclear accumulation of DRAK2.
Accumulation of DRAK2 in the Nucleus, But Not in the Cytoplasm, Causes Cell Death Because Myc-DRAK2(1-293) was found primarily in the cytoplasm, we hypothesized that the nuclear localization of DRAK2 might be required to induce cell death. In ACL-15 cells, the distribution of DRAK2 is restricted mainly to the cytoplasm and we tested whether overexpression of DRAK2 in these cells could induce cell death. When Myc-tagged DRAK2 was introduced into ACL-15 cells, only a very small fraction of the transfected cells underwent cell death (Figs. 3A, C) . Similar results were observed with HeLa and WI-38 cells. In contrast, overexpression of Myc-DRAK2 in NRK, NIH3T3, and Caco-2 cells induced morphological alterations similar to those seen in apoptosis (Figs. 3A, C) . Overexpression of DRAK2(1-293) did not cause significant morphological changes in any of these cell lines (Figs. 3B, C) . However, addition of the SV40 NLS to DRAK2(1-293) caused translocation of DRAK2 to the nucleus (Figs. 2B, D) and induced cell death (Figs. 3B, C) . The kinase inactive mutant, DRAK2(K62A), did not induce cell death, although there was significant increase in the nuclear level of DRAK2(K62A) compared to that of intact DRAK2 (Figs. 2C, 3B, and data not shown). These results strongly suggested that when nuclear expression of DRAK2 is increased above the endogenous level, cell death is induced and DRAK2-associated kinase activity is required for this response.
To confirm the localization of DRAK2 in living cells, we introduced GFP-DRAK2 expression plasmids into the cells. The kinase activity of the fusion protein was equivalent to that of the original DRAK2 (data not shown). The GFP fluorescence was found primarily in the nucleus in NRK and NIH3T3 cells (Fig. 4A) and cell death occurred, as expected (Fig. 4B) . However, GFP-DRAK2 was found in the nucleus as well as the cytoplasm of ACL-15 and HeLa cells (Fig.  4A) , and the proportion of death cells increased concomitantly (Figs. 4C, D) , suggesting that the nuclear localization is sufficient for cell death in ACL-15 and HeLa cells.
Endogenous DRAK2 Translocates to the Nucleus after UV Irradiation We investigated the conditions that affect the nuclear accumulation of endogenous DRAK2 and subsequent cell death. UV irradiation stimulated both nuclear accumulation of DRAK2 and apoptosis in ACL-15 cells. Membrane blebbing was observed after exposure to UV, and the number of apoptotic cells increased with longer incubation times after irradiation (Fig. 5A) .
To understand the role of DRAK2 in UV-induced apoptosis, we used a DRAK2 antibody to analyze the subcellular localization of DRAK2 by indirect immunofluorescence. In ACL-15 cells, DRAK2 was observed throughout the cytoplasm and was clearly distinguishable from the nucleus (Fig.  5B ). Cytoplasmic DRAK2 decreased by 4 h after exposure to UV light, while nuclear DRAK2 increased, suggesting that DRAK2 had translocated into the nucleus. Similar results were observed at 24 h after UV irradiation. Other apoptotic stimuli like 5-fluorouracil and cisplatin induce apoptosis to ACL-15 cells, but these drugs did not cause translocation of DRAK2 like UV-irradiation (Fig. 6 ). The population of cells expressing DRAK2 in the nucleus increased rapidly after UV irradiation (Fig. 5C ) and the total amount of protein was unchanged during nuclear translocation of DRAK2 (Fig. 5D) . These results imply that nuclear translocation of DRAK2 occurs prior to apoptosis.
siRNA-Mediated Knockdown of Endogenous DRAK2 Protects Cells against UV-Induced Apoptosis To examine whether DRAK2 is required for UV-induced apoptosis, we generated siRNA targeted to DRAK2. The DRAK2-specific siRNA was transfected into ACL-15 and NRK cells, and a siRNA that did not show homology to any genes in the vertebrate transcriptome was used as a control. Cell lysates were prepared 24 h after transfection and immunoblot analysis confirmed that targeted siRNA transfection achieved a ca. 80% reduction in DRAK2 protein level, but had no effect on the expression of a control protein, b-tubulin (Fig. 7A) . DRAK2 expression was suppressed for up to 3 d, as determined by immunoblot analysis (data not shown).
DRAK2 knockdown cells began to show apoptotic morphology 12 h after UV irradiation. For both the ACL-15 and NRK cells, 20-30% of the cells transfected with control siRNA or mock-treated cells showed apoptotic cell death by 12 h after exposure to UV light (Fig. 7B) . In contrast, the knockdown of DRAK2 expression caused a significant reduction in the number of cells undergoing cell death (Fig.  7B) . These results suggested that DRAK2 expression plays a role in UV induced apoptosis. 
DISCUSSION
In this study we found that DRAK2 localizes to the nucleus or the cytoplasm, depending on the cell line. In ACL-15, HeLa, and WI-38 cells, DRAK2 is primarily cytoplasmic, whereas it is located in the nucleus in NRK, NIH3T3, COS-7, and Caco-2 cells. However, when truncated DRAK2(1-293) was overexpressed, it was observed in the cytoplasm of all cell types examined. The kinase inactive DRAK2(K62A) was scattered throughout the cell, but did not accumulate in the nucleus. UV irradiation or GFP fusion caused DRAK2 to translocate into the nucleus in ACL-15 cells. These results suggest that DRAK2 might transiently be present in the nucleus and cytoplasm of all cells, although the final localization of DRAK2 differs among cell lines. This difference might be determined by a putative factor that binds to DRAK2 and alters its cellular localization. The expression of this putative factor or the state of autophosphorylation of the C-terminal region of DRAK2 might differ between cell lines. These hypotheses are consistent with the localizations of truncated DRAK2(1-293) and the kinase-inactive form of DRAK2. Unexpectedly, the GFP-DRAK2 fusion localized to the nucleus. The fusion might cause a conformational change in DRAK2 that facilitates nuclear translocation. Alternatively, the GFP-DRAK2 conformation might decrease the binding of an accessory factor, allowing DRAK2 to translocate into the nucleus via a putative NLS (nuclear localization signal) in the C-terminal region. We have obtained a preliminary result that suggests presence of NLS in the C-terminal region between residues 297 and 371. Further studies of DRAK2 localization in these cell lines will be required to elucidate the molecular mechanism of its nuclear localization.
Overexpression of DRAK2 in the cytoplasm of ACL-15 cells did not cause cell death. However, nuclear localization of the GFP-DRAK2 fusion in ACL-15 cells did stimulate cell death. While DRAK2(1-293), which was restricted to the cytoplasm, did not induce cell death despite its high kinase activity, the overexpression of this form with an SV40 NLS did lead to accumulation in the nucleus and cell death. UV exposure induced translocation of DRAK2 from the cytoplasm to the nucleus and caused apoptosis. These independent lines of evidence strongly support the hypothesis that both the accumulation of DRAK2 in the nucleus and the kinase activity are required to induce cell death. While endogenous DRAK2 does not cause cell death in NRK and NIH3T3 cells, cell death was induced when exogenous DRAK2 was expressed in these cells. This result suggested that the endogenous expression level of DRAK2 is insufficient to induce cell death and that an increase in the expression of DRAK2 may be required for these cells. The putative targets of DRAK2 kinase activity are most likely present in the nucleus. Nuclear accumulation of DRAK2 might be required because the endogenous level of DRAK2 in the nucleus in these cell lines is below the level required for the interaction with its putative target. Another possibility might be that overexpression is required to overcome a putative masking or inhibitory factor of DRAK2 activity. This is the first study to identify UV irradiation as an apoptotic stimulus involving endogenous DRAK2. The translocation of DRAK2 into the nucleus in response to UV irradiation occurred prior to apoptosis, and UV-induced apoptotic cell death was partially inhibited by knockdown of DRAK2. Several proteins are translocated into the nucleus when apoptosis is induced, 26) and many of them have DNase or protease activities and work as effector molecules in the execution of apoptosis. [27] [28] [29] Based on its primary structure, DRAK2 is unlikely to have these activities, but may instead work as a mediator that transfers apoptotic signals into the nucleus, rather than working as an effector. UV irradiation is known to break double-stranded DNA and activates signaling molecules such as NF-kB and JNK. [30] [31] [32] Like c-Abl, which is indirectly regulated by JNK, DRAK2 might transfer apoptotic signals into the nucleus. 33) A factor in the nucleus, probably the target of DRAK2 phosphorylation, may then be involved in transducing the apoptotic signal of DRAK2. Since RNAi-mediated knockdown of DRAK2 only partially suppressed UV-induced apoptosis, it is likely that pathways other than those involving DRAK2 exist.
While DAPK and DRP-1 were thought to be cytoplasmic proteins, ZIP kinase, DRAK1, and DRAK2 were thought to be nuclear proteins. 34) These differences in intracellular localization of DAPK family members may be due to divergence of regions outside the kinase domain. The mechanism DRAK2 uses to induce apoptosis is different from that seen with other DAPK family members, especially DAPK and DRP-1. 35, 36) However, ZIPK is known to localize to PML bodies in the nucleus. 23) This process is induced by IFN and ZIPK phosphorylates Par-4, leading to apoptosis. Histone phosphorylation by ZIPK has also been reported. 37) Thus, putative targets of DRAK2 kinase activity could be Par-4 and histones, similar to ZIPK. However, it has also been argued that cytoplasmic localization of ZIPK is required for apoptosis. 38) Thus, the precise mechanism of apoptosis induced by DAPK family members including DRAK2 will require further study.
Recently, McGargill et al. reported that DRAK2 deficient mouse established by them did not reveal obvious growth defect. 39) They also showed that T cells derived from the deficient mouse was highly sensitive to T-cell stimuli but did not show any defect in T-cell apoptosis. We and other group reported that DRAK2 is able to cause cell death for NIH3T3 and other cell lines shown here. Moreover, DRAK1, an isoform of DRAK2 has been shown to be involved in apoptotic process of osteoclast. 40) Therefore, physiological function of DRAK2 in terms of apoptosis not only for immune system but also other tissues should require further studies including fine inspection of the DRAK2 deficient mouse.
